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Genetic Variants of the Milk Proteins
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I. INTRODUCTION

A. General Characteristics of Milk Proteins

Studies on the milk protein system have been in progress for nearly
100 years. However, the last decade has brought some of the most in-
teresting discoveries regarding these protein families. We feel that a
brief review of the milk proteins is worthwhile. About 80% of the total
milk protein occurs as casein. Caseins are that unique group of phospho-
proteins, neatly packaged for secretion from the lactating cell, in a form
termed the casein micelle. Waugh and von Hippel (1956) were the first
to demonstrate that casein micelles (composed of a.i-, 8- and k-caseins)
were held in colloidal suspension by a protective colloid termed «-casein.



The stability of this colloid can be weakened or destroyed by a number
of factors: addition of acid to pH 4.6, addition of excess Ca2+ or by the
action of rennin. The major components of the casein micelle, the ay-
and B-caseins, are hydrophobic for the most part, but can be dis-
tinguished by their amino acid composition, phosphorus content,
association behavior, sensitivity to Ca2+, and distinct mobilities upon
gel electrophoresis. k-Casein, the lesser of the three main components in
concentration, is more hydrophilic and insensitive to Ca?+, is low in
phosphorus (0.15%), contains carbohydrate, and is attacked by rennin
during the primary phase of reaction with this enzyme. ,

The whey proteins, B-lactoglobulin (B-Lg), a-lactalbumin (a-La),
the immune globulins, and bovine serum albumin (BSA) are soluble at
PH 4.6 and also remain in solution when the caseins are centrifuged from
suspension. These proteins have been the subject of much research. Suf-
fice it to say that they, unlike the caseins, have ordered structures; 8-Lg
and a-La can be easily crystallized. The whey proteins are heat de-
naturable; accordingly their role in the gelation of concentrated milks has
been a subject of considerable investigation.

For more extensive reviews of the chemistry of the milk proteins see
Farrell and Thompson (1973) and Thompson (1971).

B. Methods of Detection of Milk Protein Polymorphs

Detection of the genetic polymorphs of the whey proteins and caseins
is a relatively simple task. The earliest methods of their detection were
based on zonal paper electrophoresis (Aschaffenburg and Drewry, 1955,
Aschaffenburg, 1961). While these methods lacked the resolving power
of more recently adopted ones, they clearly revealed that proteins from
the milks of individual cows differed and that these differences had a
genetic basis. Polyacrylamide gel electrophoresis at pH 9.1 (Table I),
while excellent for the detection of Qq-, K-, and B-casein variants, left
much to be desired for detection of subtle differences in B-casein A
(B-Cnt). It was necessary to supplement alkaline gel electrophoresis at
PH 9.1 with gel conditions at PH 2.8 where striking differences in the
heterogeneity of B8-Cn* was revealed. A detailed review of methods of
Phenotyping the milk proteins (Thompson, 1970) illustrates a variety of
methods now in use. However, Fig. 1 serves to show the utility of starch-
gel electrophoresis in detecting variations in the whey proteins and
caseins, simultaneously.



TABLE I

RELATIVE MOBILITIES OF ag;- AND B-CASEIN VARIANTS BY STARCH-GEL
AND POLYACRYLAMIDE-GEL ELECTROPHORESIS®

Variant Starch Acrylamide
a,-A 1.18 - ' 1.22
a,,-D ’ 1.13 1.15¢
a,-B 1.10 1.13
ag,-C 1.07 1.10
@,,-(zone 1.04) 1.04 1.03
a5~ (reference zone) 1.00 1.00
B-A¢ 0.80 0.65
B-B 0.76 0.61
B-D ' —_ 0.58
B-C 0.70 0.54

¢ Using the zone reference system of Wake and Baldwin (1961). All mobilities ex-
cept those designated otherwise are from Thompson et al. (1964).

b de Koning and van Rooijen (1967).

¢ Grosclaude et al. (1966).

4@ Alkaline gel electrophoresis only.

I. MOLECULAR BASIS FOR MILK PROTEIN VARIATIONS

A. Substitutions, Deletions, and Additions in DNA

The basis for mutations in mammalian and nonmammalian species is
becoming more clearly understood with each passing year. The type of
protein biosynthesized will be determined largely by the DNA contained
in the nucleus of each cell, a part of which is responsible for the produc-
tion of messenger ribonucleic acid (mRNA). Simply stated, mRNA
travels from the nucleus of the cell to the site of protein synthesis, the
ribosomes, where in combination with transfer RNA (tRNA) and
ribosomal RNA (rRNA) the coded message of mRNA is transcribed.
Under usual circumstances one would expect that the mRNA “type”
would be transcribed at least three times.

Mutations in proteins arise when changes in the sequence of the base
pairs of the DNA occurs. The frequency of this change is 10—* to 10-5.
Hence the probability of a mutation is quite low if one excludes the
possibility of “hot spots™ (mutable regions) within the DNA strand.
Changes in base pairs of DNA can occur in three different ways: (1)
The first is a simple change in one of the bases which results in the sub-
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Fig. 1. Simultaneous phenotyping of caseins and B-lactoglobulins by thin starch-
gel electrophoresis at pH 8.4, borate buffer in the presence of mercaptoethanol.
Gel patterns courtesy of Dr. Wieslaw Michalak, Warsaw, Poland.

stitution of one amino acid for another in the protein molecule and is
predicted by the triplet code (for example, glycine for glutamic acid).
Many base pair substitutions are reversible; therefore, a “back” muta-
tion to the wild type is common. However, this does not seem to be the
situation with the bovine milk proteins. Mutations of the substitution
type (Table II), while reflecting changes in the duplication process,
-may also arise from chemical and/or photochemical mutagens. (2) The
second type of mutation (deletion of base pairs) arises less frequently
than simple base substitution. It has been hypothesized (Watson, 1970)
that during meiosis, chromosomes under physical stress may break. Upon
recombination, the chromatids may not create two reciprocally recombi-
nant chromatids but, rather, cross-over products which have a segment
of DNA deleted. Of course, the segment deleted may range from a single
base pair to as many as 39 in the case of a,;-casein A (Thompson et al.,
1969). Consequently, mRNA produced from this gene will be responsible
for the biosynthesis of an ay; molecule with distinctly different character-
istics from the B or C molecules (see below). (3) The third type of
mutational event is the insertion of one or more base- pairs in the gene.
This process occurs in a manner similar to deletion except that upon
breakage and union of chromatids, a segment of DNA is added to the
cross-over products. To date, this type of mutation has not been observed
in any of the milk proteins.

Conjugated proteins, such as the phosphorylated caseins, are of par-



TABLE II

AssicNMENT oF mRNA TripLET CopOoNs To SOME OoF THE MORE CoMMoON MILk
PROTEIN VARIANTS

_ Amino acid
Protein substitution Possible codons®

a-Lactalbumin

B—- A Arg- Gln CGA/G— CAA/G
B-Lactoglobulin

B-C Gln - His CAA/G —» CAU/C

B-»D Glu- Gln GAA/G > CAA/G

B-> A

1. 1. Gly - Asp GGU/C—» GAU/O

2. : 2. Ala-> Val GCU/C/A/G — CUU/C/A/G
a,,-Casein :

B-»>C Glu- Gly GAA/G > GGA/G

B->D Pro— Ser CCU/C/A/G — UCU/C/A/G
k-Casein

B-> A

1. 1. Ala—> Asp GCU/C —» GAU/C

2. 2. Ileu— Thr AUU/C/A —» ACU/C/A

¢ Possible mRNA codons obtained by Nirenberg et al. (1965) from Escherichia
coli studies.

ticular importance from the point of view of mutations. It will be recalled
(Bingham et al., 1972) that the newly biosynthesized casein molecule is
phosphate and carbohydrate free, these two being added after protein
synthesis. However, the substitution of one amino acid for another, in a
critical region of the molecule, may alter the specificity of the phospho-
rylating enzyme, caseinkinase. According to Mercier et al. (1971), a
particular sequence of amino acids must exist for the caseins to be
phosphorylated. A serine or threonine residue may be phosphorylated if a
glutamic acid or another phosphorylated residue is two residues to its
right in the sequence as follows:

14 21
ﬂ-Val-Glu-SeIr-Leu-Sellf-Ser-Se{-G]u-Glu
P P PP
63 70
a,l-Ala-Glu-SeIr-Ileu~Se‘r-Ser-SeIr-G]u-Glu
P P P

The top partial sequence is that of B-casein while the lower is that of
a,;-casein. Note the relative positions (21 and 70) of glutamic acid in



relation to the phosphorylated serine residues. Of interest is the a,;-casem
variant D. In this protein a threonine is substituted for an alanine resi-
due. Theoretically, the D form of the protein should be indistinguishable
from the B form by gel electrophoresis—it is not. The reason for this is
clear according to the theory of Mercier et al. (1971): a glutamic acid
residue (position 55) is two removed from the threonine residue which
has replaced the alanine; thus, it is phosphorylated and the additionally
charged D variant is distinguishable from the B variant by electrophoresis
- at alkaline pH's.

B. Placement of Mutations within the Protein Molecules

Until recently, the primary structure of the milk proteins was unknown.
The first to be totally sequenced was the relatively small molecule,
a-lactalbumin, which contains 123 amino acid residues (Brew et al.,
1970). Two variants of the protein are known, A and B, the former of
which is restricted to the milks of Bos indicus cattle. The only difference
between the two variants is the substitution of glutamic acid in position
10 for arginine. Electrophoretic mobility differences are clearly seen on
the basis of this charge difference. There is no suggestion that the sub-
stitution of glutamic acid for arginine has affected the role of a-lactal-
bumin in the biosynthesis of lactose. One could speculate, however, that
a critical mutation in such a functional protein would impair lactose syn-
thesis to the extent that normal milk secretion would not occur.

Of the principal whey proteins, B-lactoglobulin is the least charac-
terized with regard to primary structure. McKenzie (1971) has pub-
lished a partial primary structure (Fig. 2) of the B-LgA molecule which
duplicates the effort of Frank and Braunitzer (1967). They report that
B-LgB has an alanine residue at position 69 and a glycine at either posi-
tions 121 or 122. B-Lg C is similar to B but has histidine at either
positions 115 or 116. A Droughtmaster 8-Lg has the same amino acid
composition as B-A but contains carbohydrate. This variant, in the
strictest interpretation of “mutation,” does not arise from a coding change,
but reflects the presence of a carbohydrate adding enzyme peculiar to
the breed of cattle.

Caseins, of the ay series, are remarkably well characterized as to
primary structure, illustrated in Fig. 3 (Mercier et al., 1971; Grosclaude
et al., 1972). Suffice it to say that the research of the French workers was
a monumental contribution to molecular biology, in general, and milk
protein chemistry, in particular. The amino acid substitutions in the



LA/Dr

ltu-"o-Vol-Thr-th-Mov-Gln-Lys-Gly~Agp-lou-G|‘n~I|0‘Lys‘{Fhr,Gly,Alo,Vol,Trp) Tyr-Ser-(Alo,Lev)-Met Leu-
10 A/Dr »
4

] )
-(Au,Sorz,Alo,‘,llo) Leu-(Asp,Ala)-(Ser,Gln)-(Pro,Ala,lev)-Arg-Val-Leu- (Vcl,Lou)-(Asp,,?hr,Tyr)-Lnyys-
30 40 50

-(l.uz,Tyv)-‘Glxz,Pho)~Cys'Mov~$er-(Asx,Ser,Glxa,Pro-Ala,Lw) -ValCys-Cys-(Val,Lev)-Arg-(Asp,Thr,Pro,
sz 60 (Ala) SH L‘o .

,VolHAu,Glxz,)-Alo-(Gln,l.w) -lys‘Asp-Pho'Lys-(Alo,Lsu)~lys-AluA(His,Pro,Mo',lle,lw)»Arg-lys-lou-lw-
80 90 100

-(Au,Ghz,Vol,lle)Jyn(GleVal )-leUA(Thr,Pro),Gly )(Glr-\,l.eu)‘lys-Asp-Glx"’rp-(Asp,Glx) -Cys-Ala-Gln-Lys-
. 1o (His) 120 (Gly) 123

~lys~(Glu,A|c,I|02) -Lys;Thr’Lys-(Pro,Ala,VoI,Ile) -Phe-Lys-leu-Asp-(Asx,Glx,A lo,lla)-Asx lys- Gix,leu
130 140 150

-(Asn,Sor,GIn,on, lou,Phe)-Thr-Glx-G|x~Cys-His'llo
140

Fig. 2. Partial amino acid sequence of B-lactoglobulin A (Frank and Braunitzer,
1967) as modified by McKenzie (1971).

B-caseins (Grosclaude et al., 1972; Ribadeau-Dumas et al., 1972) are
compared to B-A2 (Fig. 4); B-Al, 8-B, and B-C all differ by a 67 Pro-His
substitution. In 8-B an additional substitution is the replacement of serine
by arginine in position 122. B8-C contains lysine at position 37 instead of
glutamic acid. Using the theory of Mercier et al. (1971) (mentioned
above), a substitution for Glu in position 37 would hinder phosphorylation

~ of serine at position 35. This is, in fact, the case as evidenced by the lower
phosphorus content in B-C. Table II summarizes the assignment of
mRNA triplet codons to some of the milk protein variants mentioned
previously.

Ill. SIGNIFICANCE OF POLYMORPHISM
A. Occurrence and Breed Specificity

The serendipitous discovery of genetic polymorphism in as-casein by
Thompson et al. (1962) has led to a fruitful study of the genetics and
chemistry of the polymorphs. To date, four variants of the o series
(locus symbol a-Cn) are known to exist. They are termed A, B, D,
and C (in order of decreasing electrophoretic mobility) and their syn-
thesis is controlled by four allelic autosomal genes with no dominance.
The phenotypes correspond to the genotypes; i.e., A(A/A), AB(A/B),
AC(A/C), etc.



1 10 . 20
H.Arg-Pro-Lys-His -Pro-Ile -Lys-His-Gln-Gly-Leu-Pro- GIn -|Glu-Val-Leu-Asn-Glu-Asn-Leu-
. deletion of Variant A

30 - 40
Leu-Arg-Phe-Phe-Val-Ala|- Pro-Phe-Pro-Gln-Val-Phe- Gly - Lys-Glu-Lys-Val-Asn-Glu-Leu-

50 60
Ser - Lys-Asp-Tle -Gly-Ser -Glu- Ser “Thr-Glu-Asp-Gin Ala]. Met-Glu-Asp-Tle-Lys-Glu-Met-
P Thr P (Variant D)
70 80
Glu-Ala-Glu-Ser-Ile -.!Ser -Ser-Ser-Glu-Glu- Ile - Val- Pro - Asn-Ser-Val-Gln-Glu-Lys- His-
| : |
‘ P }’ P P
90 100
Ile -Gln-Lys-Glu-Asp-Val -Pro-Ser-Glu-Arg-Tyr-Leu - Gly - Tyr-Leu-Glu-Gln-Leu-Leu-Arg-
110 120
Leu-Lys-Lys-Tyr-Lys-Val-Pro-Gln-Leu-Glu- Ile - Val - Pro- Asn-Ser -Ala-Glu-Glu-Arg-Leu-
|
P
130 140
His-Ser -Met-Lys-Glu-Gly-Ile -His-Ala-GIn-Gln-Lys - Glu- Pro-Met- Ile -Gly-Val-Asn-Gin-
150 160
Glu-Leu-Ala-Tyr- Phe-Tyr Pro-Glu-Leu-Phe-Arg-Gln-Phe- Tyr-Gln -Leou-Asp-Ala-Tyr-Pro-
: 170 180
Ser- Gly-Ala-Trp Tyr-Tyr-Val-Pro-Leu-Gly - Thr-Gln- Tyr -Thr-Asp-Ala - Pro-Ser - Phe-Ser-
190 199
Asp-TIle -Pro-Asn-Pro-Ile -Gly-Ser-Glu-Asn-Ser -| Lys-Thr-Thr-Met- Pro-Leu-Trp-.OH
y (Variant C)

Fig. 3. The primary structure of a,,-casein B. (Mercier et al., 1971.)

Several interesting aspects have emerged from the study of casein
polymorphism. The synthesis of specific a.-casein polymorphs is breed
specific (Table III). This aspect will be discussed in considerable detail.
Polymorphism of a,;-casein is not universal in Western dairy cattle breeds
(Bos taurus); Ayrshire and Shorthorn cattle (Aschaffenburg et al., 1968),
for example, possess genes for control of synthesis of a,u-Cn® only.
Guernsey. and Jersey cattle, on the one hand, possess genes for the control
of both a,;-Cn® and ay;-CnC; a,;-Cn® predominates in both breeds, but
Jersey show a higher gene frequency of the C variant. Holstein cattle, on
the other hand, also synthesize B and C (as well as A) but show a low
gene frequency (0.05) for the C variant.

Thymann and Larsen (1965) reported an extensive survey (over 2000
cattle) of milk protein polymorphism in Danish cattle—RDM, SDM,
and Jersey. (Incidentally, the Danish workers were the first to demon-



10 : 20
H-Arg-Glu-Leu-Glu-Glu-Leu-Asn-Val-Pro-Gly -Glu- Ile - Val-Glu-Ser -Leu-Ser -Ser -Ser -Gilu-

P P P
caseins y »
5y 30 40
Glu-Ser - Ile -Thr-Arg- Ile -Asn-Lys-Lys- Ile -Glu-Lys- Phe-Gln - Ser -Glu-Glu -GIn-Gin-GIn-

50 60
Thr-Glu-Asp-Glu-Leu-Gln - Asp-Lys- Ile - His - Pro-Phe- Ala -Gln -Thr -Gln-Ser - Leu-Val-Tyr-

70 80
Pro-Phe-Pro-Gly-Pro- Ile -Pro-Asn-Ser -Leu-Pro-Gln -Asn- Ile -Pro -Pro-Leu-Thr-Gln-Thr-

90 100
Pro-Val-Val-Val -Pro- Pro-Phe-Leu-Gln-Pro-Glu-Val -Met-Gly - Val -Ser -Lys-Val -Lys-Glu-

caseins R,TS‘B
110 120
Ala-Met-Ala -Pro-Lys-His-Lys-Glu-Met-Pro-Phe-Pro - Lys-Tyr-Pro -Val -Gln-Pro-Phe-Thr-
| ins S,TS-A?

130 140
Glu-Ser -Gin-Ser -Leu-Thr-Leu-Thr-Asp-Val -Glu-Asn-Leu-His -Leu-Pro-Pro-Leu-Leu-Leu-

150 160
GIn-Ser -Trp-Met-His -Gln-Pro- His-Gln - Pro-Leu-Pro-Pro -Thr-Val -Met-Phe-Pro-Pro- GIn-
: 170 180
Ser -Val-Leu- Ser -Leu-Ser -Gln-Ser - Lys -Val -Leu-Pro- Val-Pro-Glu-Lys-Ala - Val - Pro-Tyr-
190 200
Pro-Gln-Arg-Asp-Met-Pro- Ile -Gin- Ala-Phe-Leu-Leu-Tyr-Gln-Gin-Pro-Val -Leu-Gly-Pro-
209 .
Val-Arg-Gly-Pro -Phe-Pro- Ile - Ile -Val-OH.

Fig. 4. The primary structure of B-casein A2. (Ribadeau-Dumas et al., 1972.)

strate by family studies that k-casein variation is genetically controlled,

although others have made unsupported suggestions that it is.) RDM

and SDM synthesize essentially a,;-Cn®; Thymann and Larsen’s data
TABLE III

GENE FREQUENCIES AND BREED SPECIFICITY OF @ ;-CASEIN VARIANTS

a,,-Casein variant

Breed A B C
Holstein 0.082 0.87 0.05
Guemsey — : 0.77 0.23
Jersey — 0.72 ' 028
Brown Swiss —_ - 0.94 0.06
Ayrshire — 1.00 0
Shorthorn —_ 1.00 0
Zebu (Indian) — 0.16 0.84
Boran (African) —_ 0.33 0.67

8 Gene frequency of a,-A is not representative of the breed since it seems to be
restricted to one given blood line (Kiddy et al.. 1964).



TABLE 1V

GENE FREQUENCIES IN a,,-CASEIN FROM DANisu CATTLE

a,,-Casein variant

Breed . A B C
RDM 0.005 0.98 0.01
SDM 0 1.00 0.004
Jersey 0 0.95 0.05

(Table IV) on Jersey cattle, a;-Cn® (0.05), differ from those reported
by Kiddy et al. (1964) for Jersey cattle bred in the United States. While
the gene frequencies for B-casein agree between both groups, it is not
unexpected that the gene frequency of a particular polymorph (in this
case, a,;-Cn) will vary from one herd or location to another as has often
" been observed. Cuperlovic et al. (1964) observed in 59 Yugoslavian and
Hungarian cattle that ,;-Cn® predominates (0.88) when they examined
the caseins of Simmentaler, Frisisk X Simmentaler, RDM X Busa, and
Busa. Sandberg (1967) examined the milk of 193 Swedish red and white
(SRB), 320 Swedish Friesian (SLB) and 85 Swedish polled (SKB) and
found little variation in gene frequencies of a.- and B-caseins among the
three breeds.

Aschaffenburg et al. (1968) examined the caseins of Indian and Afri-
can Zebu cattle (Bos indicus) for casein polymorphism. Interestingly
01-Cn® predominates in these cattle; contrast this with Western
cattle, and a significant difference is evident. The gene frequen-
cies of six breeds in Indian Zebu cattle are shown in Table V,
the difference in gene frequency of a.;-CnC in Bos indicus as compared
with Bos taurus being clearly demonstrated (Table III). The good agree-
ment of observed phenotypes of Zebu cattle with expected values from

TABLE V -

GENE FREQUENCIES OF ay,-, 8-, AND k-CASEINS IN BREEDS OF ZEBU CATTLE®
Qg1 : B K

Breed? B C A B D A B
Hariana (72) 0.21 0.79 0.79 0.21 0 0.79 0.21
Sahiwal (21) 0.05 0.95 0.98 0.02 0 0.90 0.10
Tharparker (7) 0.14 0.86 0.86 0.14 0 0.86 0.14
Deshi (56) 0.06 0.94 0.96 0.05 0.03 0.82 0.14
Girand Red Sindhi (5) 0 1.00 1.00 0 0 1.00 0

¢ Using 161 samples.
® Number of samples for each indicated in parentheses.



TABLE VI

A REPRESENTATIVE PATTERN OF INHERITANCE OF «,-, B-, AND k-CASEINS®

Caseins Observed . Expected
a,,-Caseins
3 2.4
BC 28 29.3
C 91 90.3
B-Caseins?
A , 92 90.3
AB 25 29.3
B : 3 24
x-Caseins?
A 95 95.7
AB 33 31.7
B , 2 2.6

@ Hardy-Weinburg expectations; all Zebu breeds.
® Includes eight samples in addition to those tabulated for a,-caseins.

Hardy-Weinberg calculations are shown in Table VI. x-Casein A pre-
dominates in Indian Zebu (as well as African Zebu) and doubtless it is
inherited in a straightforward Mendelian manner as shown by daughter-
dam comparisons and Hardy-Weinberg expectation (Table VI). To date,
Jersey cattle are the only breed in which k-casein B predominates.

Grosclaude et al. (1966) reported the occurrence of a new as;-casein
variant, o,;-CnP, in French Flemande cattle. In this breed they found
gene frequencies for B, C, and D of 0.87, 0.09, and 0.04, respectively.
The D variant has also been observed by Dr. W. Michalak in Polish
cattle and may yet be observed in other breeds of cattle.

Kiddy et al. (1964) reported that a;;-Cn? is restricted to the Holstein
breed and, in fact, considered that the mutation may be a relatively new
one. Certainly, in the United States at least, this variant has become
reasonably widespread due to (a) artificial breeding and (b) its associa-
tion with high-producing cattle. The Danish workers Thymann and
Larsen (1965) suggested, however, that the a,;-Cn* variant is not re-
stricted to American Holsteins and does, in fact, occur in RDM cattle
(gene frequency, 0.005). However, since the purported A was not com-
pared with authentic A, further proof of identity was needed. Recent
studies by Farrell et al. (1971) on chymotryptic “fingerprints” of au-
thentic A compared with Danish A show the two to be identical. The
frequency of the A variant in American Holsteins, which have been ex-
amined, is 0.08. The author has examined a single casein sample from a



New Zealand Friesian cow, supplied by Dr. L. Creamer, which was
phenotyped a.i-AB. Doubtless, the A variant will be observed elsewhere
and new variants of the a,; series will be reported.

The brilliant studies of Aschaffenburg (1961) were the first reported
on genetic variation in any of the caseins. He clearly demonstrated breed
specificity of the occurrence of B-caseins A, B, and C (locus symbol,
B-Cn), of which A is common to all breeds of dairy cattle. B-Casein C
(Table VII) has been observed in Guernsey (Aschaffenburg, 1961),
Brown Swiss (Thompson et al., 1964) and Hungarian and Yugoslavian
dairy cattle (Cuperlovic et al., 1964). In Yugoslavian cattle (Simmentaler,
Frisisk X Simmentaler, and Busa) the gene frequency is low (0.005),
whereas in Hungarian cattle it is 0.10 or close to that of Guernsey (0.16).
B-Casein B is fairly common in Jersey, Brown Swiss, and Indian Zebu as
is shown in Table VII, but its frequency is low in Hungarian and Yugo-
slavian cattle. )

B-Casein D, observed in Indian and African Zebu (Aschaffenburg et al.,
1968), has not been observed in Western breeds of cattle. It has, how-
ever, been observed only in low frequency (0.02) in a few of the many
breeds of Zebu cattle.

Although detailed reports on the polymorphs of y-, TS-, R and S caseins
could be reported, we limit our comments to the observation (Gordon
et al., 1972) that the variants of these minor components arise as a re-
sult of proteolytic cleavage of the parent molecule, B-casein.

B._ Linkage of Genes

 King et al. (1965) and Grosclaude et al. (1964) concurrently but in-
dependently reported a close correlation between the loci controlling

- TABLE VI
GENE MQWNCIB AND BREED SPECIFICITY OF B-CASEIN VARIANTS
By acid gel
By alkaline gel electrophoresis zl‘:::::ro%e
Breed B-A B-B B-C B-D phoresis®
Holstein 0.98 0.02 0 0 Al A2° A3
Guernsey 0.98 0.004 0.16 0 Al A2°
Jersey 0.62 0.38 0 0 Al A2°
Brown Swiss 0.79 0.19 ©0.02 0 A1, A2°
Ayrshire 1.00 0 0 0 Al°® A2
Shorthorn 1.00 0 0 0 —
Zebu (India) 0.85 0.13 0 0.02 Al A2°
Boran (Africa) 0.93 0.05 0 - 0.02 —

___8 Asterisk denotes form of B-casein predominating by acid gel electrophoresis.



@,-Cn and B-Cn polymorphism. Certain combinations of a-Cn and
B-Cn are common (i.e., a;-Cn®, B8-CnA; a,-Cn®C, B-Cn*), while others
(1-Cn®C, B-Cn®; a,;-Cn®, B-CnA%; and a,-CnC B-CnP) occur infre-
quently if at all, and are considered forbidden combinations. The notable
absence of these last three classes is observed with Jersey cattle as shown
in the contingency table (Table VIII). '

. Patterns similar to the Jersey breed emerge on comparing Guernsey
and Brown Swiss cows; however, the expectation of observing certain
combinations is admittedly small (Tables IX and X). Close linkage
of the a,;-Cn and B-Cn loci has also been observed in Indian and African
Zebu cattle; no crossing over of loci has been observed (Aschaffenburg
et al., 1968). King et al. (1965) remarked:

The present finding that the two kinds of variants (a,- and 8-) do not
occur independently suggests that the two loci might be linked, and in the
Jersey herd, for example, the following chromosomes would be postulated:
a,;-CnB, B-CnA; «;-CnB, B-CnB; and «-CnC, B-CnA. Since the a,-CnB,
B-CnA combination prevails in all breeds, the other combinations are assumed
to be the result of mutations in either a;-Cn or B-Cn. The combination of
a,,-CnC, B-CnB apparently does not occur, so the linkage would have to be
very close unless recombinant types were at a selective advantage.

Grosclaude et al. (1964) further elaborated on the linkage of a,;-Cn
and B-Cn. They concluded that the loci are either identical (pleotropic)
or closely correlated. If the latter hypothesis is true then the upper limit
of the distance between the two loci can be estimated by the following
- reasoning: in effect, if x is the percentage of recombinations expressing
the distance between the two loci, and 7 is the number of useful pairs,
x being small, the number of recombinants follows a law of Poisson of
parameter nx; the probability P, that recombinants will not be ob-
served is then P, = e—"*, By fixing the threshold of probability at 0.05,
Grosclaude et al. (1965) found x to be 0.038. The distance between the
two loci is then < 3.8 units of recombination.

More recently, Grosclaude et al. (1965) have proposed a close corre-
lation of the x-Cn locus with the ag;- and 8-Cn loci. They conclude that
there is a 0.95 probability that the distance between the k-Cn locus and

TABLE VIII
PATTERN OF OCCURRENCE OF . @ ;- AND B-CASEIN PHENOTYPES IN JERSEY Cows
B-Casein
a,,-Casein A AB B
B 60 73 56
BC - 45 ' 82 -

C 35 —_




TABLE IX

PATTERN OF OCCURRENCE OF @, ;- AND B-CASEIN PHENOTYPES IN GUERNSEY Cows

B-Casein
a,,-Casein - A AB AC C
B 85 5 11 —_
BC 52 2 5 —
C — —_ — —_

the pair of a;;-Cn, B-Cn loci is less than 2.8 units of recombination.
Therefore, the linkage between the a,-Cn and B-Cn loci appears to be
closer than with these two loci and x-Cn. Thymann and Larsen (1965) con-
cluded that the genes involved in the synthesis of 8-, a.-, and k-casein
types are not transmitted independently. This could be explained by
postulating that the genes responsible for the variations in the three
caseins belong to the same locus, although close linkage of two to three
loci could not be excluded.

Reasonable assurance of the linkage of genes controlling the synthesis
of the major milk proteins (a,-, 8-, and k-caseins) adds to the growing
number of examples of genetically linked synthesis of chemically related
proteins; ie., 8- and 8-chain hemoglobin variants (Boyer et al., 1963)
and egg-white proteins.

C. Basis for Model Construction

While it remains unclear what role, if any, the genetic variants of the
caseins play in casein micelle formation, we feel that current concepts
proposed for micelle formation deserve mention. For the nutritional
function of caseins, it is not unusual that the majority of the observed
casein polymorphs have no apparent deleterious effects on the micellar
system. However, a,;-A represents the sequential deletion of ~4% of
the o molecule, and altered properties of milks containing this variant

TABLE X

PATTERN OF OCCURRENCE OF - AND B-CASEIN PHENOTYPES IN BROWN Swiss
Cows

B-Casein
a,,-Casein A AB B AC

B 146 69 4 2
BC ‘
C

o i3
I
I




might be. expected. Indeed o,;-A milks are difficult to process and vield
poor cheeses. The individual caseins have been studied in great detail;
yet the precise structure and mechanism of* formation of the casein
micelle is not known. Nearly as many models have been proposed as
there are investigators. Let us briefly consider why the situation exists.
Electron microscopy of the casein micelles of bovine milk indicates an
average diameter of ~1400 A for the spherically shaped micelles. Thus,
the volume occupied by a micelle would be in the order of ~1.4 X
10° AS. For comparison, the B-lactoglobulin monomer occupies a vol-
ume of ~2.4 X 10* A3. Theoretically, more than 50,000 B-lactoglobulin-
like monomers could be arranged into a sphere the size of a casein micelle.
Molecular weight measurements for the micelle range from 107 to 10°.
A speculative calculation, based on 23,000 average MW for the casein
monomers [(3 ey, + 28 + 1 «)/6] and employing only 25,000 monomers
yields a micelle molecular weight of 6 X 108. This would indicate a low
density packing of the casein monomers which is consistent with the
high hydrations, the random structures, and the high negative charge
densities of the caseins, as compared to B-lactoglobulin. It is therefore
understandable that the mechanism of assembly of this aggregate of
around 25,000 monomers has not been fully elucidated. For the purpose
of discussion, we shall group the various proposed models into three
classes.

1. Coat-Core Models

The first class of models to be discussed actually contains two dia-
metrically opposed theories. The model proposed by Waugh and his co-
workers (Rose, 1969; Waugh et al., 1970) is primarily based upon their
studies of the Ca2+ solubilities of the caseins. The model, in essence,
describes the formation of low weight ratio complexes of ay;- and k-casein
in the absence of calcium. Upon addition of calcium ions, the - or
- B-caseins, which are represented by monomers with a charged phosphate
containing loop, begin to aggregate to a limiting size (the caseinate
core). In the presence of the low weight ratio a,;—«-complexes, precipi-
tation of the casein is prevented by the formation of a monolayer of
these low-weight a.,—k-complexes which envelops the core aggregates.
This coat has the k-casein monomers spread out on the surface and the
micelle size is therefore dictated by the amount of k-casein available.
In the absence of k-casein, the a,, and B cores agglutinate and precipi-
tate from solution. Waugh’s model, as presented in Fig. 5, has a good
deal of appeal since it explains the lyophilic nature of the colloidal



(o)

Fig. 5. Waugh’s proposed model for the casein micelle: (a) monomer model
of o - or B-casein with charged loop; (b) a tetramer of a,,-casein monomers;
(¢) planar model of a core polymer of ay;- and B-caseins. The lower portion shows
how «-casein might coat core polymers. (Adapted from Rose, 1969.)

casein complex, as well as the ready accessibility of k-casein to the en-
Zyme rennin.

‘Parry and Carroll (1969) attempted to locate this surface k-casein
proposed by Waugh by use of electron microscopy. Using ferritin la-
beled anti—k-casein immunoglobulins, they investigated the possibility of
surface k-casein and found little or no concentration of k-casein on the sur-
face of the casein micelles. Based on these results, and the size of the
isolated k-casein complex, Parry concluded that the k-casein might serve
as a point of nucleation, about which the calcium insoluble caseins might
cluster and subsequently be stabilized by colloidal calcium phosphate
(see Fig. 6). The action of rennin on the micelles was accounted for by
demonstrating that serum k-casein can participate in coagulation and
may be involved in the formation of bridges between micelles.

The models of Parry and Waugh both predict a nonuniform distribu-
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Fig. 6. Casein micelle model proposed by Parry and Carroll (1969), depicting
the location of k-casein in the micelle.

tion of k-casein and in a sense are based upon nucleation about a core
(Parry’s core = k-casein; Waugh's core = a,,-, B-calcium caseinate). It
is important to note that both models predict no particular stoichiometry
for the casein components and demonstrate no subunit structures com-
posed of all three casein components. Secondly, Waugh’s model does
not incorporate any colloidal calcium phosphate which plays an im-
portant role in casein micelle structure and stability. Finally, Ashoor
et al. (1971) have recently demonstrated that papain, which had
been cross linked by glutaraldehyde into a large insoluble polymer,
caused proteolysis of all three major components of isolated casein
micelles. The a,;-, 8- and k-caseins were all cleaved proportionately
by the enzyme super polymer. Therefore, all three components must
occupy surface positions on the micelle in relatively the same propor-
tions in which they occur in milk. This result would seem to rule out
any preferential localization of «-casein.



2. Internal Structure Models

The second class of models to be discussed are based upon the known
properties of the isolated casein components, which in turn cause or
direct the formation of the internal structure of the casein micelle.

Garnier and Ribadeau-Dumas (1970) have proposed a model for the
casein micelle, which places a good deal of emphasis on k-casein as the
keystone of micelle structure. Trimers of x-casein are linked to three
chains of - and B-casein which radiate from the k-casein node (a
Y-like structure) as shown in Fig. 7. These chains of ay- and B-casein
may connect with other k nodes to form a loosely packed network. Gar-
nier and Ribadeau-Dumas favor this type of network because it yields
an open, porous structure and they have demonstrated that carboxypep- -
tidase A with a molecular weight of ~40,000 is able to remove the
C-terminal amino acids of all the casein components. The model satis-
fies the demonstrated porosity but places great steric restraints upon
k-casein which possesses no a-helical or other prominent secondary
structures. In addition, studies by Cheeseman (1968) and others indi-
cate that while disulfide linked trimers of k-casein do occur, the.major-

60-704

Das. casein
B’ casein

U K casein

Fig. 7. Structure of the repeating unit of the casein micelle adapted from Gar-
nier and Ribadeau-Diumas (1970).



ity of the k-casein may form aggregates of higher, as well as lower,
orders. Finally, the model assigns no definite role to calcium caseinate
interactions, and ignores the possibility of colloidal calcium phosphate
involvement in stabilization of the micelle.

Rose used the known endothermic polymerization of B-casein as the
basis for his micelle model. In this model B-casein monomers begin to
self-associate into chainlike polymers to which a;-monomers become
attached (Fig. 8) and k-casein, in turn, interacts with the as;-mono-
mers. The B-casein of the thread is directed inward, the x outward, but
as these segments coalesce, a small amount of k-casein is inevitably
placed in an internal position. As the micelle is formed, colloidal cal-
cium phosphate is incorporated into the network as a stabilizing agent.
The model is appealing in that it accounts for the occurrence of some
overall stoichiometry of the various casein components, while demon-
strating the role of colloidal calcium phosphate in micelle stabilization.
The choice of B-casein as the basis for micelle formation is, however,
questionable since Waugh et al. (1970) have shown that the oy- and

+ C02+ + Phosphate ===

Fig. 8. Schematic representation of the formation of a small casein micelle. The
rods represent B-casein, the more elliptical rods represent a,,-casein, and S-shaped
lines depict apatite chain formation. The circles represent «-casein. (Adapted from
Rose, 1969.)



B-caseins tend to form mixed polymers randomly; secondly, B-casein is
quite structureless in solution and, finally, synthetic micelles can be
formed from simple aq- and k-casein complexes in the absence of
B-casein. -

3. Subunit Models

The final class of models to be discussed are those which propose
subunit structure for the casein micelle. Shimmin and Hill (1964) pro-
posed such a model based upon their study of ultrathin cross sections
of embedded casein micelles by electron microscopy. They predicted
a diameter of 100 A for the subunits of the casein micelle.

Morr (1967) studied the disruption of casein micelles and proposed |
that the a,-, B-, and k-monomers were aggregated by calcium into
small subunits in much the same fashion as Waugh et al. (1970) had
proposed for the entire micelle. Morr’s subunits, as estimated by sedi-
mentation velocity, have a diameter of ~300 A. The subunits are sta-
bilized by hydrophobic bonding and calcium caseinate bridges, and
these subunits, in turn, are aggregated into micellar structure by col-
loidal calcium phosphate. Morr’s model is summarized in Fig. 9. The
average subunit size, postulated by Morr, is somewhat larger than that
of Shimmin and Hill.

The hypothesis of Shimmin and Hill (1964), that sections of the
casein micelles contained particles of ~100 A diameter, was invoked
by Carroll et al. (1970) and by Farrell and Thompson (1971) who
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Fig. 9. Structure of the casein micelle after Morr (1967). The S-shaped lines
represent calcium phosphate linkages between small spherical complexes of the ag-,
B-, and k-caseins.
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observed, by electron microscopy, particles of ~100 A diameter in the
Golgi vacuoles of lactating rat mammary gland. These particles were
uniform in size and may be the precursors of threadlike structures
which, in turn, coalesce into the spherically shaped casein micelle
(Fig. 10A, B). Subsequently, Beery et al. (1971) reported similar ob-
servations in bovine mammary tissue. The biosynthesis of the casein
micelle from small subunits was correlated with the disruption of casein
micelles by dissociating agents by Carroll et al. (1971). Using EDTA,
urea, sodium lauryl sulfate, and sodium fluoride to disrupt micelles, the
latter workers found particles of ~100 =20 A diameter and they noted
that micelle assembly from subunits should lead to a rather uniform
distribution of the ay-, 8-, and k-caseins both on the surface and in
the interior of the casein micelle. Schmidt and Buchheim (1970) di-
alyzed milk free of calcium in the cold and also used high pressure to
disrupt casein micelles; in both cases they obtained subunits of 100 A
diameter. Subsequently, Pepper (1972) reported a Stokes radius of
~50 A for first cycle (Ca2* free) casein as determined by gel filtra-
tion. The first cycle casein, after gel filtration, contained, qualitatively,
all of the major casein fractions. The question yet to be resolved is
whether or not the casein subunits observed by all of the above work-
ers exhibit any stoichiometry in terms of their a.-, B-, and k-casein
content.

It has long been recognized that at least the a,;- and k-casein com-
ponents occur in close association in the “a-casein complex,” with
PB-casein being more loosely connected to the micellar complex. Fur-
thermore, the total micellar casein exhibits an overall ratio of 3 . :
2 B : 1 k-casein. The apparent uniformity of first cycle (Ca2t free)
casein and the subunits of the Golgi vacuoles would argue in favor of
some consistent stoichiometry, but there exists the reported correlation
between micelle size and k-casein content which would argue against
uniform subunit composition. Thus, the existence of some type of
subunit structure appears certain and the question to be decided now
is the nature of these subunits. From the biosynthetic point of view,
the buildup of the micelle from subunits is quite attractive, as it
brings the casein components into the region of assembly with min-
imal interactions. Addition of calcium ions could cause the polymeriza-
tion of casein subunits into longer chains and these chains could
be stabilized into micellar spheres by the deposition of colloidal cal-
cium phosphate. The assembly of the casein micelle from preformed
subunits need not be as specific as that of tobacco mosaic virus, but
the analogy is worthy of consideration. In the latter case, the structured




Fig. 10. A, Formation of casein micelles (CM) within Golgi vacuoles (G) of
lactating rat mammary gland. Initially, threadlike structures with some degree of
periodicity appear, then more compact micelles seem to occur. Sections of the gland
were fixed in buffered OsO,, Epon embedded, and stained with uranyl acetate and
lead citrate. (Carroll et al., 1971.) B, A Golgi vacuole about to discharge its contents
into the alveolar lumen. The Golgi vacuole shown appears to impinge upon the plasma
membrane. A casein micelle is already present in the lumen. (Carroll et al., 1971.) In

the scale 1 ¢ = 1 um.



RNA core of the virus plays a vital role in directing the correct particle
assembly, whereas in the case of the micelle, amorphous apatite may serve
this function. In attempting to solve the problem of casein micelle struc-
ture, it should be borne in mind that the biological function of the
micelle is efficient nutrition. Hence, the -interactions which yield this
product, the casein micelle, need not be as specific as those which re-
sult in the formation of a virus.

IV. BIOLOGICAL FUNCTIONS OF THE MILK PROTEINS

Ebner (see Chapter 3, Vol. II, this treatise) has already shown that
a-lactalbumin has a distinct biological function. We feel that g-lactoglobu-
lin is also biologically important although we don’t know exactly how
or why. In our laboratory we have observed (Farrell and Thompson,
1971) that B-lactoglobulin produces a 35-40% inhibition of the hydrol-
ysis of p-nitrophenyl phosphate (p-NPP) and o-carboxyphenyl phos-
phate by bovine spleen phosphoprotein phosphatase. Base denaturation
of the B-lactoglobulin molecule markedly decreases the degree of in-
hibition. Other proteins (lactoferrin, y-globulin, and serum albumin)
do not inhibit the reaction. Kinetically, the inhibition of the phos-
phatase is defined as competitive, with a K; equal to 1.98 X 10-5 M.
The three genetic variants of bovine B-Lg A, B, and C were tested for
their ability to inhibit the action of phosphoprotein phosphatase on
p-NPP. The results indicate that 8-Lg A >B > C in their inhibitory
effect. These differences are related to the structural changes induced
by the genetic substitutions. The physical aggregation of B-Lg A does
not occur to any great extent under the conditions of the enzy-
matic assay of phosphoprotein phosphatase. However, the carboxyl-rich
region responsible for the tetramerization reaction may play a role in
_ the inhibition of p-NPP hydrolysis. Since the physical properties of

B-Lg C are altered by the histidine/glutamine substitution, this genetic
substitution may account as well for the drastically reduced ability of
B-Lg C to inhibit the hydrolysis of p-NPP by the spleen enzyme.

B-Lactoglobulin does not inhibit the dephosphorylation of as-casein,
the major phosphoprotein of cow’s milk. Thus, the inhibition appears
to be limited to low molecular weight aromatic substrates and is due,
in part, to substrate binding by the B-lactoglobulin. The affinity for low
molecular weight aromatic phosphates, coupled with the inhibitory ef-
fect on the enzyme has led to the speculation that B-lactoglobulin may



play a regulatory role in mammary gland metabolism, though further
research is needed in this area. B-Lactoglobulin homologues from goat
and swine milk also inhibit the hydrolysis of p-nitrophenyl phosphate
by phosphoprotein phosphatase, thus, providing a  type of enzymatic as-
say for studies in the comparative biochemistry of B-lactoglobulin.

V. A PROSPECTUS ON FUTURE RESEARCH IN MILK
PROTEIN .CHEMISTRY

Further research in milk protein chemistry will depend largely on the
application of our current knowledge to future research. Practically, we
know enormous detail regarding “milk protein component chemistry.”
Fundamentally, however, we know little regarding the biosynthesis,
phosphorylation, and assemblage of casein components. Many questions
remain to be answered. Is it possible that the caseins could be synthe-
sized as a single macromolecule and subsequently split by enzymes?
What is the role of B-lactoglobulin in the lactating gland? Could it
serve as a transferase? As a part of a calcium pump? As a regulator
of protein biosynthesis? What is the mechanism of casein phosphoryla-
tion? '

Chapters such as this are written to express the “wisdom of the wise.”
No doubt, however, these reflect a collection of data without much
knowledge of the truth. We maintain that we have barely scratched
the surface of the complex behavior and properties of the milk system.
While this alone is not an ample justification for research, it must be
regarded as a prime reason for attacking the “fundamentals of dairy
chemistry.” Once we know what a system is composed of, we can at-
tempt to reassemble it and to relate what we find to the demands of
production and technology. If we are honest, however, we confess our
ignorance and maintain that we are never sure if basic research will
have applied value. But we hope so.
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